Introduction
Two-photon excitation (TPE) has attracted considerable interest for application in diverse fields including three-dimensional fluorescence imaging, high-density optical data storage, ultrasensitive bio-agent detection, and lithographic microfabrication. These applications take advantage of the fact that the two-photon absorption depends quadratically on intensity, so under tight-focusing conditions, the absorption is confined at the focus to a volume of order λ 3 , where λ is the laser wavelength. Any subsequent process, such as fluorescence or a photoinduced chemical reaction is also localized in this small volume. Moreover, the nonlinear nature of excitation results in an intrinsic three-dimensional resolution in fluorescence microscopy and lithographic microfabrication.
Unfortunately, all the above-mentioned potential applications suffer from a drawback that a majority of known organic molecules (as well as most inorganic materials) have very small values of nonlinear absorption cross section, typically σ 2 ~ 1 GM (1 GM = 10 -50 cm 4 s photon -1 molecule -1 ). As a result, even with high-intensity pulsed laser illumination (I ~ 10 9 W cm -2 ), the probability of exciting a molecule by simultaneous absorption of two photons remains inefficiently small.
In this work, to overcome the above problems, two strategies are being explored to enhance the two-photon excited fluorescence. First, we report an effective way for gaining high local light intensity to enhance TPE fluorescence by using two-dimensional photonic crystal (2D PhC) structure. Second, we propose nonlinear optical (NLO) polymer which exhibits large two-photon excited cross section σ 2 (as high as 900 GM) based on π-conjugated compounds, as a candidate material for realizing nonlinear 2D PhC waveguides.
Experimental
We have identified the nonlinear optical polymer composed of poly(methyl methacrylate) (PMMA) doped with bis(styryl)benzene derivative, as one of the best candidates for nonlinear optical materials applied to 2D PhCs. This NLO material exhibits large two-photon excited cross section due to a large delocalized π-electron system and has good processability. To prevent damage to highly nonlinear molecules during nanofabrication processes, we have separated the 2D PhC slab from the nonlinear optical polymer layer. The structure, from top to bottom, consists of a patterned PMMA layer (450 nm thick), a SiO 2 thin etch stop layer (20 nm), a layer of nonlinear optical polymer (250 nm), and a Ag metallic cladding layer (500 nm) on top of a Si substrate. The detailed techniques for forming these layers have been described elsewhere [1] [2] [3] . The 2D PhC slab was patterned with a square lattice of circular air-holes by electron beam lithography and inductivity coupled plasma dry-etching based on O 2 /Ar plasmas optimized to produce straight sidewalls. Figure 1 shows a scanning electron microscopy (SEM) image of the fabricated 2D PhC slab waveguide.
In the specular TPE fluorescence measurements, the excitation light source used was a mode-locked, cavity-dumped Ti:sapphire laser operating at 800 nm, a repetition rate of 1 kHz and a pulse duration of 2 ps. The laser beam was divided into two by a beamsplitter. One beam from the beamsplitter was focused onto the sample (100 × 100 μm 2 ) with an achromatic long-focal-length lens (f = 250 mm). The beam reflected from the surface of the sample was detected using a corrected Czerny-Turner spectrometer (320 mm focal length) and a liquid-nitrogen-cooled CCD and/or a photomultiplier tube after spatial filtering. To eliminate pump wavelength beams, an interference filter that transmits only the TPE fluorescence beams is placed behind the sample. The other beam from the beamsplitter was detected using a Si photodiode and boxcar integrator, and served as a reference to compensate for intensity fluctuations of the pump laser. Measurements were performed at various angles of incidence. The incident and detection angles could be rotated using a stepping motor stage. For simplicity, the in-plane propagation lattice direction was set along the Γ-X (φ = 0 °) direction. All experiments (linear and nonlinear)were performed with the transverse electric (TE) polarization of the incident light. Figure 2 shows the incidence-angle-dependence of TPE fluorescence intensity at 486 nm for the NLO polymer 2D PhC slab waveguide. A strong peak was observed in the angular TPE fluorescence spectrum at an incidence angle of 47.5°. A large TPE fluorescence enhancement of approximately two orders of magnitude was achieved as compared with an unpatterned NLO polymer waveguide. In the lower-incident-angle region, a weak peak was observed at 32.5° in the angular TPE fluorescence spectrum. These enhancements in specular TPE fluorescence stem from the resonant coupling between the fundamental external laser fields and the corresponding photonic band modes.
Results and discussion
To directly clarify the enhancement phenomena in specular TPE fluorescence processes, we performed polarized-angular-dependent linear reflectivity measurements for the same sample along the Γ-X direction with TE polarization. The experimental photonic band structure of the PhC waveguide can be determined from the incident angle dependence of the wavelengths of sharp resonance dips in the polarized-angular-dependent reflectance spectra [2, 4] . The sharp dips in the reflectance spectra originate from surface coupling between external free photons and in-plane photonic band modes in the waveguide at resonance energies and in-plane wave vectors. The polarized-angular-dependent reflectance spectra were measured using a collimated tungsten-halogen white light source. Figure 3 shows the experimental and theoretical photonic band structures of the NLO polymer PhC slab waveguide with metallic cladding along the Γ-X line obtained from the polarized-angular-dependent reflectance spectra and the results of three-dimensional finite-difference time-domain (3D-FDTD) band structure calculations, respectively. The observed band dispersions are in good agreement with the theoretical band structure. The experimental and theoretical band structures provide a useful picture of the relationship between the observed TPE responses and photonic band dispersion. In Fig. 3, points A and B indicate the photon energy and the in-plane wave vectors, k, corresponding to the energy of the incident pump laser and the observed TPE resonance angles in the angular TPE fluorescence spectrum shown in Fig. 3 . Resonance B corresponds to resonance coupling for the large TPE fluorescence enhancement at 47.5°. Resonance A corresponds to the weak TPE fluorescence peak at 32.5°, in the angular TPE fluorescence spectrum. Resonances A and B were also found to be bands symmetric about the X point. By comparing the specular TPE fluorescence intensities of resonances A and B, it is reasonable to consider that these enhancements depend strongly on the resonance in-plane k vectors; that is, the surface coupling efficiency of incident light fields. Thus, it was directly verified that the large TPE fluorescence enhancements originate from resonant coupling between the fundamental external laser field and the corresponding photonic band mode for the resonant energy and the in-plane wave vector.
Conclusion
Enhancements of the two-photon excitation fluorescence were successfully demonstrated for a highly nonlinear optical polymer 2D PhC waveguide, arising from resonant coupling between the external laser field and a photonic band mode. Good agreement was obtained between the TPE fluorescence enhancements and features of the photonic band structure, indicating that an active manipulation of these nonlinear TPE processes is a realistic possibility through band dispersion control. Future works in this direction may lead to innovative developments in TPE applications.
